Establishing an effective epidermal barrier requires a series of coordinated molecular events involving keratinocytes (KCs) within a stratified epithelium. Epidermal maturation depends on convergence of pathways involving components of NF-kB and peroxisome proliferator activated receptor (PPAR) signaling systems that promote terminal differentiation and production of a stratum corneum. The Notch-1 receptor and its ligand Delta-1 have been proposed by others to participate in early events in KC differentiation. Here, we establish differential expression patterns for several Notch receptors and ligands in normal human skin. These immunolocalization findings, together with functional studies demonstrating increased levels of Notch ligand/receptors occurring during the onset of differentiation, prompted use of a soluble Notch ligand, a peptide derived from the most conspicuously expressed ligand in skin, Jagged-1. Exposing submerged KC monolayers to this peptide (JAG-1) in co-presence of elevated calcium ion concentration, produced stratification with loricrinexpression.Usingaliving humanepidermal equivalent (EE) model system, when submerged cultures were raised to an air/liquid interface to generate a fully mature epidermis, activation of Notch signaling was detected. Addition of JAG-1 peptide to submerged EEs was sufficient to induce epidermal maturation. Moreover, a soluble decoy Notch inhibitor prevented such differentiation and corneogenesis in human EEs exposed to either an air/liquid interface or to the JAG-1 peptide. In KC monolayers, addition of JAG-1 peptide induced IKKa mediated NF-kB activation, as well as increased PPARg expression. Immunoprecipitation/Western blot analysis revealed a physical association between the p65 subunit of NFkB and PPARg. These results indicate that activation of Notch signaling is necessary for maturation of human epidermis, and activation by a soluble Notch ligand is sufficient to trigger complete KC differentiation including cornification.
Introduction
The most important function of mammalian skin is to generate a barrier preventing desiccation, infection, and damage by toxic agents. 1 This protective shield is created in the outermost layers of epidermis when keratinocytes (KCs) undergo terminal differentiation with formation of stratum corneum. 2 The precise molecular pathways responsible for triggering growth arrest, terminal differentiation and corneogenesis in epidermis remain to be determined. 3, 4 Elucidation of this differentiation program is also important from an oncological perspective, as a block in KC differentiation predisposes to development of skin cancer. 5 The most widely studied inducer of murine and human KC differentiation is the calcium ion. An epidermal calcium ion gradient is present with a low concentration in the proliferative basal cell layer, progressively increasing toward the skin surface. 6 Exactly how this ion gradient is generated or maintained is unknown, but investigators take advantage of this to promote KC proliferation in-vitro using low calcium (0.07 mM), serum-free medium. In general, while mouse-derived KCs are highly responsive to elevated extracellular calcium ion levels to trigger differentiation, human KCs are much less responsive to calcium levels. 7, 8 Notch signaling is a well-recognized, highly evolutionarily conserved complex network that orchestrates cell fate decisions involving proliferation, migration, differentiation and cell death in organisms ranging from insects to humans. 9 ± 11 Notch genes encode transmembrane receptors involved in cell-to-cell developmental interactions. These interactions are mediated by signals exchanged between neighboring cells expressing Notch ligands that bind and activate adjacent Notch receptors (ibid). Drosophila has a single Notch receptor and two Notch ligands, Delta and Serrate. 11 Humans and mice have four Notch homologues (Notch 1 ± 4) and a still undetermined number of Notch ligands divided into Delta-like and Jagged (Serrate homologues). Notch 1 has been implicated in the regulation of differentiation programs in several vertebrate cell types including adipocytes, 12 T-cells (reviewed in 13 ± 16 ) retinal neurons,several other cell types. Recent evidence suggests that Notch 1 and Delta-1 participate in the regulation of the early stages of epidermopoiesis. Lowell et al. 22 have shown that basal keratinocytes (KC) expressing high levels of Delta-1 tend to be unresponsive to Notch activation and remain within the stem cell compartment, possibly due to Delta-1/ Delta-1 homotypic interactions. Conversely, activation of Notch 1 by Delta-1 induces KC contiguous to stem cells to initiate differentiation. More recently, Rangarajan et al. 23 have shown that in murine KC Notch 1 is necessary for expression of p21 cip1/waf1 and exit from the cell cycle. These events occur as KCs begin their differentiation program after a transient amplification. Moreover, constitutively active Notch-1 induces expression of early differentiation markers and prevents expression of late differentiation markers. Taken together, these observations suggest that Delta-1/Notch 1 interaction may promote exit from the stem cell compartment and initial KC differentiation. However, a role for Notch signaling in KC terminal differentiation, or creation of stratum corneum, has not been previously described.
Two transcriptional regulators that are known to play key roles in KC differentiation and maturation, NF-kB and peroxisome-proliferator activated receptor (PPAR)g, have been suggested to interact with the Notch signaling network. Constitutively active forms of Notch 1 have been reported to inhibit NF-kB through a direct physical interaction 24, 25 and to transactivate the p105/p52 NF-kB2 promoter. 26 Very recently, Cheng et al. 27 have shown that Notch 1 is necessary for physiologic expression and activity of several subunits of NF-kB in murine hematopoietic precursors. Similarly, Notch 1 is necessary for expression of PPARg in murine preadipocytes. 12 NF-kB signaling pathway and the NF-kB-activating kinase IKK are necessary for murine epidermopoiesis, as demonstrated by transgenic mouse models. 28 ± 34 Knockingout the IKKa subunit revealed a critically important function in epidermopoiesis and corneogenesis. However, when NFkB activity was reduced by either overexpressing a dominant negative form of IKBa, or disrupting the gene encoding the IKKd subunit (i.e. NEMO); increased proliferation but no alteration in terminal differentiation or cornification were observed. 31, 33 These results strongly indicate that NF-kB activation plays a role in the early stages of KC differentiation, while IKKa is necessary for both early and terminal differentiation. This suggests that IKKa may participate in NF-kB-dependent and independent signaling during epidermopoiesis. 33, 34 Nuclear hormone receptors belonging to the PPAR family are necessary for physiologic epidermopoiesis. 35 ± 37 PPARa and PPARg heterodimerize with retinoid X receptor, thereby regulating transcription of genes influencing KC differentiation in normal and diseased skin. 35 ± 38 Using a reconstructed epidermis resembling the EE model, addition of PPAR agonists triggered transcriptional events leading to cornification. 36 This suggests that PPAR activation participates in late differentiation events in KC.
Taken together, these observations prompted us to conduct a comprehensive investigation of Notch signaling in human epidermopoieis and its possible functional relationships with NF-kB, IKKa and PPARg. In this report, we demonstrate the following: (1) biochemical identity, state of activation and specific localization of distinct Notch ligands and receptors in normal human epidermis, confirmed and extended by immunoblot analysis of KCs fractionated by their maturational state; (2) ability of peptides derived from a Notch ligand, Jagged-1, 39 to induce KC differentiation and activate NF-kB signaling in cultured KCs, including IKKa activity when calcium ion concentration was increased from 0.07 mM to 2.0 mM; (3) upregulation of Jagged-1 and specific Notch receptors during induction of differentiation when submerged EEs were raised to the air/liquid interface; (4) ability of a specific inhibitor of Notch signaling to block Notch activation and induction of cornification, following raising of EEs to air/ liquid interface; (5) ability of Jagged-1 peptide to trigger terminal differentiation, and corneogenesis in submerged EEs; (6) discovery of a biochemical link between Notch signaling, NF-kB and PPAR activation including a feedback loop whereby PPARg could bind the p65 subunit of NF-kB. Our data indicate that Notch signaling orchestrates the entire process of epidermopoiesis including cornification, through the sequential activity of different Notch ligands, receptors and downstream pathways.
Results

Localization and characterization of Notch ligand/ receptors in normal human skin
Immunostaining cryostat sections of skin with a panel of antibodies directed against various members of the Notch receptor/ligand family revealed consistent results for all skin specimens examined ( Figure 1A ). Jagged-1 was strongly and diffusely expressed predominantly on the plasma membrane of KCs beginning in supra-basal cell layer (with focal staining of basal layers), and involving multiple cell layers up to, but not always including, the granular cell layer, producing a chicken-wire appearance (upper left panel). There was only rare to absent Jagged-1 staining of either granular cell or the stratum corneum layers. Jagged-2 expression was weak to undetectable (data not shown). Notch 1 immunoreactivity was primarily confined to KCs in lower and mid level epidermal layers, with only faint and focal staining of granular cell layer and stratum corneum ( Figure  1A , upper middle panel). Notch 1 was detected in these KCs with a more stippled staining pattern of the plasma membrane, and while there was minimal cytoplasmic staining, occasional positive nuclear staining was observed (white arrows). Notch 2 was detectable as well, with primarily cytoplasmic staining and distribution clearly limited to KCs in the basal layer ( Figure 1A , upper right panel).
Immunostaining to detect Notch 3 revealed primarily localization to KCs in mid and upper layers of epidermis. Plasma membrane staining was more prevalent than cytoplasmic staining, and no consistent nuclear patterns were observed ( Figure 1A , lower left panel). In contrast to Jagged-1 and Notch 1 staining, Notch 3 staining included more diffuse and consistent plasma membrane reactivity by KCs near the granular cell layer. In addition, Langerhans cells were also positive for Notch 3 (arrowheads). Intense signal in the basement membrane was also observed. Notch 4 signal was primarily localized in the suprabasal layers and included plasma membrane staining of KCs near the . Control goat anti-serum was used to identify non-specific staining which was insignificant (lower right panel). All magnifications 6100. (B) Immunoblot analysis for KCs located at different levels of epidermis ± (fractions 1 and 2) including most superficial layers representing highly differentiated KCs (stratum corneum, granular cell layer), as well as mid-epidermal layers (stratum spinosum cells ± fractions 3 and 4), and basal cell layers (fractions 5 and 6). KCs were fractionated according to their maturational state, proteins extracted followed by Western blot analysis to detect loricrin, involucrin, keratin-1, Jagged-1, and Notch 1. b-actin is included as a loading control granular cell layer ( Figure 1A , lower middle panel). The Notch 4 staining also included peri-nuclear staining of the cytoplasm, and occasional nuclear staining (white arrows), as well as Langerhans cells (arrowheads). In contrast to Jagged-1 expression, antibodies to Delta-like 1 and Jagged-2 revealed weak to negative staining in suprabasal layers (data not shown), with the isotype control antibody revealing no significant staining ( Figure 1A , lower right panel).
Besides these epidermal-based staining profiles for Notch ligand/receptors, we also examined adnexal structures such as hair follicles, sweat glands, and underlying dermis, including dendritic cells and endothelial cells lining blood vessels. Table 1 summarizes these immunolocalization results for Notch ligand/receptors.
To confirm and extend these immunohistochemicalbased studies, each cell layer of epidermis was characterized by Western blot analysis. Six different bands from Percoll gradients were initially analyzed for loricrin levels. Intact human skin contains a band of loricrin positive cells in outermost layers of epidermis representing terminally differentiated KCs ( Figure 1B ). Presence of loricrin in the most buoyant bands (fractions 1 and 2) of Percoll gradients represents KCs from the granular cell layer and stratum corneum; whereas KCs from mid-level stratum spinosum (fractions 3, 4) and basal cell layers (fractions 5, 6) were devoid of loricrin ( Figure 1B) . Involucrin was detected in suprabasal layer fractions being most prominent in fractions 1 to 3 ( Figure 1B ). All cell layers except basal cells (fraction 6) expressed the suprabasal marker ± keratin-1. When identical protein fractions were analyzed for Jagged-1 content, it was detected in all cell fractions, in agreement with immunostaining. In these fractions, Jagged-1 appeared as a doubled, possibly related to post-translational modification. Antigen pre-absorption experiments showed both bands to be specific (data not shown). Notch 1 was detectable in its mature, transmembrane form (&120 kd) and was most abundant in the more immature fractions. We could not detect Notch 2 by Western blotting with the only antibody that gave us positive immunostaining. Notch 3 and 4 could not be reproducibly extracted in soluble form from these fractions. Thus, using immunostaining and immunoblot analysis of KCs fractionated by maturational state, it appeared that Jagged-1 could potentially participate in both early and late stages of KC differentiation, possibly by activating different combinations of Notch receptors in different layers.
Induction of terminal differentiation/cornification in epidermal equivalents is accompanied by increased expression of Notch ligands and receptors
We explored the relationship between induction of differentiation and Notch pathway in an experimental model closely resembling the in vivo state. For these experiments a living EE model system was used, where KCs are maintained in a multilayered or stratified configuration that closely resembles normal human skin. EEs consist of KCs grown to produce a multi-layered structure that are initially prepared using submerged KCs. Under these conditions, approximately 3 ± 5 layers are produced with a progressive flattening of top level KCs, which may include occasional cells with keratohyalin granules, and only focal appearance of loricrin positive cells without corneocytes (Figure 2 , upper panels). When cultures reach this stage, they can either, continue to be maintained as submerged cultures, or lifted-up and maintained on a support to create an air/liquid interface. After lifting of cultures, multilayered KCs are exposed to air, with the subjacent membrane being moistened and feeding occurring from underlying medium. As previously reported, 40, 41 lifting of previously submerged cultures, triggers the terminal differentiation process. Examination of day 4 air/liquid interface cultures reveals a greater flattening and stratification of all KC layers, with appearance of a granular cell layer, diffuse loricrin positivity creating a continuous band-like effect at the top layer of viable KCs, accompanied by a thick stratum corneum including stacked-layers of corneocytes ( Figure 2 , lower panels).
To determine if Notch ligand / receptors were being modulated by air/liquid interface-induced triggering of terminal differentiation, immunostaining of these EEs was performed. Formalin-fixed paraffin embedded sections of EEs before being lifted revealed focal and faint plasma membrane staining to detect Jagged-1 in mid-level KCs ( Figure 3A) . Similarly, staining to detect Notch-1, Notch 3, and Notch 4 revealed only faint, localized signal, primarily confined to plasma membranes of KCs in submerged EEs. However, 5 days after being lifted, cultures at air/liquid interface revealed enhanced expression of Jagged-1, as well as Notch receptors. Staining profiles in these lifted cultures included an increase predominantly in the cytoplasmic compartment with some plasma membrane staining, but no detectable nuclear localization. In addition to these immunolocalization studies, immunoblot assays were also performed using cell extracts derived from KCs in EEs before and after being lifted to an air/liquid interface. Figure 3B reveals that levels of Jagged-1 and Notch 1 (but not Notch 4) were increased after induction of terminal differentiation by exposure to an air/liquid interface. Given the enhanced expression of Jagged-1 and Notch receptors during EE differentiation and the strong expression of Jagged-1 in normal human epidermis, we sought to determine if JAG-1 peptide could simulate air/liquid interface induced triggering of terminal differentiation and cornification as described in the following sections.
JAG-1 peptide triggers terminal differentiation in cultured KCs
To determine if activation of Notch pathway triggers terminal differentiation, KC monolayers were treated with two different active peptides, i.e. JAG-1 or R-JAG, as well as a scrambled control peptide (SC-JAG). Unlike mouse KCs in-vitro that undergo terminal differentiation in response to elevated extracellular calcium ion concentration, 7 human KCs behave differently. Raising extracellular calcium ion concentration to 2 mM by itself does not induce stratification of monolayers, or induce significant levels of proteins involved in terminal differentiation -loricrin or involucrin ( Figure 4 , left side panels). As early as 3 days following addition of JAG-1 or R-JAG When Notch signaling components were stained in cultured KCs, Notch 1 was also predominantly localized to plasma membranes in untreated KC cultures resembling KCs in mid-layers of epidermis in normal skin (data not shown). Twenty-four hours after addition of JAG-1 peptide, Notch 1 was redistributed to the cytoplasm with occasional nuclear positivity (data not shown). Similar results were obtained with Notch 3 and 4. JAG-1 peptide treatment also was accompanied by loss of plasma membrane staining for Jagged-1, with focal peri-nuclear cytoplasmic re-distribution. This data indicates JAG-1 treatment can induce cellular redistribution of Notch 1, 3, and 4, suggesting this ligand can activate all these Notch receptors in KCs.
JAG-1 peptide triggers terminal differentiation/ corneogenesis in living EE
To confirm and extend the ability of JAG-1 peptide to induce terminal differentiations of cultured KC monolayers, the living EE model system was employed. In this system, submerged multi-layered KC cultures need to be raised to air/liquid interface to produce a stratum corneum. Strikingly, the addition of JAG-1 peptide alone, to submerged cultures, was sufficient to induce a stratum corneum in the absence of air/liquid interface ( Figures 5A, B, D) . The addition of a scrambled control (SC-JAG) failed to induce a stratum corneum. To further establish that Notch signaling was involved in complete maturation of epidermis, a specific soluble Notch inhibitor was employed. A soluble human Notch 1 decoy, rh11-12, that mimics the ligand binding region of human Notch 1 12, 23 abolished terminal differentiation and cornification of EE induced by exposure to an air/liquid interface ( Figure 5C ) and blocked JAG-1 mediated induction of KC maturation under submerged EE culture conditions Figure 4 Light microscopic and immunohistochemical analysis of cultured KCs. KC monolayers were triggered to stratify and express keratohyalin granules (upper panel ± H & E; arrows), and markers of terminal differentiation ± loricrin (middle panels), involucrin (lower panels), after addition for 72 h of JAG-1 peptide or R-JAG peptide with elevated Ca 2+ concentration (2 mM). Western blot analysis (upper right panel) of KC extracts reveal enhanced loricrin and involucrin levels after exposure for 72 h to JAG-1 peptide, but not by SC-JAG peptide. b-actin is included as a loading control ( Figure 5D , E). These results indicate that Notch signaling is necessary for correct differentiation of EEs exposed to an air/ liquid interface.
Ability of JAG-1 peptide to activate NF-kB signaling
Since NF-kB primarily regulates KC differentiation, 28 ± 34 we investigated whether JAG-1 peptide could influence NF-kB activity. First, KCs were transfected to allow use of a luciferase-based NF-kB reporter assay, and NF-kB activity determined using KCs maintained in either a low calcium (0.07 mM) or high calcium (2 mM) medium. Figure 6A reveals that exposure of KCs for 18 h to elevated calcium ion concentrations did not, by itself, induce NF-kB activity. Addition of JAG-1 peptide at the indicated concentrations above 1 mM (i.e. 10, 40 and 100 mM) did trigger NF-kB activity after 6 h in high calcium, but not low calcium conditions. Treatment of KCs with TNF-a served as a positive control for NF-kB activation under both low and high calcium conditions. To verify the specificity of JAG-1 induced NF-kB activation, a retroviral vector with a dominant negative mutant (i.e. IKBa DN) for NF-kB activity was utilized. Compared to KCs infected with an empty retroviral construct (i.e. linker-control), coinfection with IkBa DN retrovirus demonstrated that blocking NF-kB activity inhibited the ability of either TNF-a or JAG-1 to activate NF-kB dependent transcription. Thus, these results indicate that the calcium ion can be regarded as a co-factor, important for induction of NF-kB activity triggered by JAG-1 peptide.
Activation of NF-kB in KCs may be mediated by p50 and/or p65 subunits 42 that become liberated from their cytoplasmic location and rapidly translocated to the nucleus. To assess the molecular composition of the NFkB dimers mediating the transcriptional activation detected by luciferase-based assays, nuclei from cultured KCs were isolated before and after JAG-1 exposure followed by Western blot analysis. Eighteen hours following an increase in calcium ion concentration only a low intranuclear amount of p50 was detected, accompanied by a barely detectable level of p65 ( Figure 6B) . However, addition of JAG-1 peptide induced markedly enhanced intranuclear levels of both p50 and p65 subunits at 30 min and 1 h. Rapid induction of these heterodimers was followed by a subsequent decline in their levels at 2, 6, and 24 hours; being greater for p50 compared to the p65 subunit. In some experiments, levels of p50 and p65 peaked at 1 h rather than 30 min after exposure to JAG-1 peptide.
To confirm and extend the luciferase-based assay of NFkB activity, and the intranuclear immunoblot analysis, we measured NF-kB DNA binding activity, using EMSA. Nuclear extracts were prepared and incubated with a specific probe containing NF-kB binding sites ( Figure 7A ). These results indicated that JAG-1 peptide could activate NF-kB DNA-binding complexes including p50/p65 heterodimers as well as p50/p50 homodimers. In mouse hematopoietic precursors, Notch-1 is required for the expression of several NF-kB subunits and thus for NF-kB activity. 27 However, the time course of NF-kB activation induced by JAG-1 in KC suggests that this is a non-transcriptional event. Thus, we investigated whether JAG-1 affects IkB proteins. The most prominent inhibitory protein in KC extracts was IkBa ( Figure 6B ). Addition of JAG-1 peptide triggers IkBa degradation that initially becomes apparent after 30 min of treatment ( Figure 6B ). The relatively low constitutive level of IkBa was reduced after 7 min and continued to reduce between 30 min and 6 h levels and became undetectable after 24 h. Notch-1 itself has been previously identified as being capable of binding NF-kB. 25 There was no significant change in the levels of the &120 Kd form of Notch 1 during the initial 2 h of JAG-1 peptide exposure, but 6 and 24 h after JAG-1 addition, Notch 1 decreased to barely detectable levels.
This suggests that the signaling cascade activated by JAG-1 is limited by feedback mechanisms that control the amount of Notch 1 protein. Taken together, these data indicate that JAG-1 activates NF-kB through a mechanism that may involve phosphorylation of IkBa and possibly IkBb, rather than through the dissociation of a Notch-NF-kB cytoplasmic complex. 43 Characterization of IKK complex following JAG-1 peptide activation
The protein kinase complex that phosphorylates IkBs contain two catalytic subunits (i.e. IKKa and IKKb) as previously described. 29 ± 33,44 Since IKKa appears to be critically important for terminal differentiation and corneogenesis of Figure 6 (A) NF-kB luciferase-based construct reveals prominent induction of NF-kB activity by JAG-1 peptide (at the indicated concentrations) in copresence of high calcium (2 mM) ion levels after 6 h, but not in medium containing a low calcium ion concentration (0.07 mM). (B) Western blot analysis of nuclear (NF-kB subunits-p50, p65) and cytoplasmic extracts (IkB proteins, Notch 1) in KCs maintained in 2 mM calcium ion containing medium before, and after, addition of JAG-1 peptide. Upper panels reveal markedly elevated intranuclear levels for p50 and p65 after 30 min and 60 min of stimulation, which diminished at subsequent time points. Middle panel reveals degradation of IkBa, which began 30 min following treatment with JAG-1 peptide. IkBb was only present at relatively low levels compared to IkBa, and was degraded beginning at the 7 min time point. Lower panel reveals the degradation of Notch 1 by the JAG-1 peptide after 7 min and 30 min treatment, followed by the degradation of Notch 1 at the 6 h time point with progressively lower levels at the 24 h time point. b-Actin levels used to confirm equivalent protein loading Figure 7 (A) EMSA analysis demonstrating the presence of both homodimers (p50/p50) and heterodimers (p65/p50) for NF-kB subunits induced by JAG-1 peptide after 30 min using 2 mM calcium ion conditions (left side). Supershift analysis performed by pre-incubating nuclear extracts obtained after JAG-1 peptide exposure with either IgG isotype control Ab (lane 1) and mAbs against p50 (lane 2), p65 (lane 3), and Rel-B (lane 4) right side. Note the loss of the upper band in lane 2 using the p65 Ab, and loss of both upper and lower bands by the p50 Ab; whereas no change in either band was induced by the Rel-B Ab. (B) IKKa immunoprecipitation followed by kinase activity assay using KCs in either low (0.07 mM) or high (2.0 mM) calcium ion concentration, before or after indicated stimuli. Lane 1: no stimulus; Lanes 2, 3: JAG-1 (40 mM) 30 min to 60 min respectively; Lane 4: SC-peptide (40 mM) 60 min; Lane 5: R-Jag (40 mM) 60 min; Lane 6: TNF-a (10 3 U/ml) 60 min. Note the higher constitutive levels of activity for KCs maintained in low calcium medium but without significant induction following the stimuli. However, in the high calcium medium, addition of JAG-1 peptide and R-JAG peptide stimulated the kinase activity, whereas the SC-peptide and TNF-a, did not induce IKKa kinase activity. Western blot analysis for IKKa and IKKb revealed only slight changes in these protein levels after exposure to either JAG-1 or R-JAG peptides (lower panels) epidermis through both NF-kB-dependent and independent mechanisms, the ability of JAG-1 peptide to activate the kinase activity of IKKa was investigated. To measure activation kinetics, KC extracts before and after various time points following addition of JAG-1 peptide, or a scrambled control (SC-JAG) peptide, were immunoprecipitated with an anti-IKK ab, and incubated with a glutathione S-transferase ± IkBa (1 ± 54) as a substrate. Figure 7 reveals that while TNF-a or the SC-peptide had little effect on the activation of IKKa, addition of either JAG-1 peptide or R-JAG peptide did activate the kinase activity of IKKa after 30 ± 60 mins. This increase in kinase activity was not accompanied by any significant change in the amount of IKKa present immediately following the stimulation by JAG-1 peptide (see Western blot analysis, 
PPARg is induced by JAG-1 and forms a complex with NF-kB
Besides a role for NF-kB in regulating epidermal differentiation, it has been established by others that PPAR family members may also influence KC differentiation. 35 ± 38 PPARg has been shown to be induced by Notch-1 in 3T3 L1 preadipocytes. 12 Figure 8A reveals that addition of JAG-1 peptide induces PPARg levels as detected by Western blot analysis. These increases were rapid (being evident at 30 min). Levels of PPARg continued to be elevated for 6 h before returning to baseline levels at 24 h, whereas PPARa appeared to decrease beginning after 2 h exposure and then also returning to baseline by 24 h. Exposure of EE to an air/ liquid interface induces PPARg and this effect is completely abolished by rh11-12 ( Figure 8B ). Since induction of NF-kB DNA binding was also transient (Figures 6 and 7) , and because PPARg has been observed in other systems to inhibit NF-kB activity, 45 we determined if there was a physical association between PPARg and p65. Figure 8C reveals Western blot, and immunoprecipitation followed by Western blot analysis, for p65 and PPARg under 2 mM calcium ion conditions. After 24 h of exposure to 2 mM calcium ion levels, there is low constitutive levels of p65 by Western blot ( Figure  8C Figure 8C , lane E), intranuclear p65 levels were increased. When nuclear proteins were initially immunoprecipitated using an anti-PPARg ab, the subsequent immunoblot using anti-p65 ab revealed a physical association between p65 and PPARg when KCs were treated with JAG-1 peptide at the 60 min ( Figure 8C , lane B) and 120 min ( Figure 8C , lane C) time points. Either no or minimal binding between p65 and PPARg was detected in KCs not exposed to JAG-1 peptide ( Figure 8C, lane A) or after exposure to SC-peptide ( Figure  8C, lanes D,E) .
Finally, a reciprocal analysis was also performed. In these cultures, nuclear extracts were initially probed by Western blot analysis to detect PPARg which revealed ( Figure 8C , lower panels) low, but detectable constitutive levels for PPARg in the 2 mM calcium ion containing cultures (lane A), which was further increased after 60 min (lane B), and 120 min (lane C) addition of JAG-1 peptide, but not after SC-peptide (60 min, lane D; 120 min, lane E). When nuclear extracts were initially immunoprecipitated with an anti-PPARg ab, and then immunoblotted to detect p65, no constitutive co-binding was identified (lane A). Upon addition of JAG-1 peptide, increased physical association between PPARg and p65 was detected at 60 min (lane B) and 120 min (lane C), but not after addition of SC-peptide (lanes D,E). Taken together both sets of results portrayed in Figure 8C demonstrate not only that JAG-1 induces p65 and PPARg, but that these proteins physically interact within the nucleus of KCs exposed to JAG-1 peptide.
Discussion
Various Notch receptors and ligands are expressed during the development of rodent hair follicles 21, 46 and bird feathers. 47 A role for Notch 1 and Delta-like-1 in regulating cell fate in the basal layer of human epidermis has been recently suggested. 22, 23 However, a pivotal role for Notch signaling in orchestrating the entire KC differentiation program, including terminal differentiation and creation of stratum corneum, has not been previously described using human KCs. In this report we provide a detailed molecular analysis of location, characterization, and function for Notch ligands and multiple Notch receptors amongst KCs present in various cell layers of normal human skin. The results demonstrate that Jagged-1 may be able to influence both early and late stages of differentiation within the epidermal compartment, because KCs bearing Jagged-1 on their plasma membrane were in physical contact with basal layer undifferentiated KCs below, and partially differentiated KCs above. Not only were Jagged-1 and Notch receptor levels increased during the differentiation process, but triggering of KC terminal differentiation and cornification was found to be dependent on activation of the Notch pathway.
Addition of JAG-1 peptide could influence the cellular distribution of multiple Notch receptors, and activated NFkB signaling including the kinase activity of IKKa. We selected JAG-1 peptide (and related R-JAG peptide) because of the prominent expression of Jagged-1 in vivo, and its enhancement during differentiation. The spatial distribution of Notch receptors and ligands in normal skin suggested that sequential activation of different Notch receptors may coordinate the KC differentiation program. Delta-1, which is expressed exclusively in basal layers, has been reported to maintain human epidermal stem cells in an undifferentiated state through homotypic interactions, and to trigger initial differentiation through Notch receptor activation in basal KC that exit the stem compartment. 22 Cell Death and Differentiation Notch regulates keratinocyte differentiation BJ Nickoloff et al
Our immunohistochemical data suggest that Notch 1 and 2 may be involved in this process, possibly in cooperation. Rangarajan et al. 23 have shown that constitutively active Notch 1 can trigger cell cycle arrest in KCs and induce early differentiation markers while preventing the expression of late differentiation markers. However, expression of constitutively active Notch 1 may not be subject to physiologic feedback mechanisms that normally limit the levels and activity of wild type Notch 1, and cannot reproduce the sequential activation of several Notch receptors. Since all four known Notch receptors are expressed in anatomically distinct layers of human skin, rather than overexpressing a single Notch receptor, we sought to use a complementary approach with a more physiological stimulus that could engage multiple Notch receptors. Jagged-1 derived peptides, but not the scrambled control peptide, were clearly capable of activating Notch signaling, including cellular redistribution of multiple Notch receptors.
Interestingly, prolonged exposure to JAG-1 peptide was followed by Notch 1 downregulation, suggesting that wildtype Notch 1 may be subject to feedback mechanisms that limit the duration of its activity, such as ubiquitination. 48 JAG-1 peptide and structurally related R-JAG peptide induced a differentiation switch in submerged living EEs, mimicking the unknown signal induced by exposure to air/ liquid interface. These effects were clearly dependent upon Notch activation, since they could be abolished by a soluble decoy Notch receptor consisting of EGF repeats 11 and 12 derived from human Notch 1. 39 Furthermore, the same Notch 1 decoy abrogated the differentiation program in living EEs raised to an air/liquid interface. This indicates that endogenous activation of Notch signaling is required not just for differentiation induced by Jagged-derived peptides, but also for spontaneous differentiation in the absence of soluble Notch ligands. Further studies are warranted to elucidate specific distal molecular events that mediate terminal differentiation in response to soluble Notch ligands, and relative roles of various Notch receptors. Based on the literature and the anatomical distribution of Notch receptors and ligands in human skin, our data support a model in which the earliest steps of differentiation are mediated by Delta-1 interactions with Notch 1 and possibly Notch 2. Subsequent steps, up to and including cornification, are mediated instead by Jagged-1 interactions with Notch 1, 2, 3 and 4.
The role of calcium ion levels in this experimental system deserves comment. In cultured human KCs, unlike murine KCs, elevating calcium ion levels does not, by itself, trigger terminal differentiation. 7 As noted in several figures, the ability of JAG-1 peptide to influence KC differentiation was enhanced by high calcium (i.e. 2 mM) concentration. Figure 8 (A) Immunoblot analysis of nuclear extracts of KCs maintained in 2 mM calcium ion containing medium before, and after, the addition of JAG-1 peptide to detect time course for induction of PPARg and PPARa. Note that intranuclear levels of both PPARg (upper panel) and PPARa (mid panel) are rapidly induced by addition of JAG-1 peptide with the highest level detected at 6 h for PPARg, compared to the highest levels detected for PPARa at 2 h. b-actin levels (lower panel) used to confirm equivalent protein loading. (B) Western blot and immunoprecipitation/Western blot analysis demonstrating physical association between p65 and PPARg. Nuclear extracts were either directly assessed by Western blots for p65 (upper panels) or PPARg (lower panels); or also immunoprecipitated with an antiPPARg mAb, followed by Western blot to detect p65 using KCs maintained in 2 mM calcium ion concentration before and after exposure to JAG-1 peptide or SC peptide; or were immunoprecipitated with an anti-p65 mAb followed by Western blotting to detect PPARg as indicated. Lane A: no stimulus. Lanes B,C: JAG-1 peptide (40 mM) treatment for 60 min and 120 min, respectively. Lanes D, E: SC-peptide (40 mm) treatment for 60 and 120 min, respectively. Note the Western blot in upper panel reveals that JAG-1 peptide induces p65 intranuclear levels of p65 after exposure to JAG-1 peptide, but not SC-peptide. Immunoprecipitation with antiPPARg ab followed by Western blot analysis reveals physical association between PPARg and p65 after exposure to JAG-1 peptide but not SC-peptide. Conversely, lower panel reveals that low constitutive PPARg levels are increased by exposure to JAG-1 peptide but not SC-peptide; and the immunoprecipitation using anti-p65 ab followed by Western blot analysis confirms physical association between PPARg and p65. Equal loading of lanes for the Western blots was confirmed by b-actin levels Experiments are underway to determine if high calcium promotes interaction between soluble Jagged-1 derived peptides with the extracellular domain of Notch receptors, as shown in other cell systems. 49 Notch signaling is a complex and incompletely understood network. 9, 11 Upon receptor engagement, cleavage and nuclear redistribution of the intracellular domain of Notch receptors is thought to convert the ubiquitous transcription factor CBF-1/RBP-Jk from a repressor to an activator, through dissociation of nuclear co-repressors and histone deacetylase 1 50 and recruitment of co-activators 51 and histone acetyltransferases. 52 This triggers a cascade of transcriptional regulation that ultimately affects cell fate. Additionally, CBF-1 independent signaling through various candidate mediators is thought to occur. 9, 11 The best characterized CBF-1 independent pathway involves the cytoplasmic Notch-binding protein Deltex, which somehow inhibits JNK-mediated activation of the transcription factor E47 53, 54 and has transcriptional effects distinct from CBF-1. 55 The rapid kinetics of IKKa and NF-kB activation following JAG-1 peptide treatment suggest these effects are not mediated by the transcriptional regulatory functions of Notch receptors and that we have identified a novel cytoplasmic pathway of Notch signaling triggered within minutes of ligand engagement. For example, it is unknown whether known cytoplasmic Notch-associated proteins such as Deltex participate in this effect. It is also unclear which of the Notch receptors that JAG-1 can activate in KCs is responsible for IKKa and NF-kB activation. It is likely that in vivo simultaneous and/or sequential activation of various Notch components are required to induce terminal differentiation and cornification.
Our data suggest for the first time that ligand binding to one or more Notch receptors triggers almost immediate activation of IKKa and NF-kB-mediated transcription. This novel,`early stage' of Notch signaling begins within minutes of ligand binding and appears completed by 2 h after receptor engagement. Thus, it is very unlikely to represent a transcriptional effect of Notch activation. Our data indicate that IkBa and possibly IkBb are phosphorylated as a result of JAG-1 mediated IKKa activation. Constitutively active, oncogenic forms of Notch 3 activate IKK-mediated IkBa phosphorylation in mouse T-cells, causing sustained NF-kB activation. 56 Our data show that a soluble Notch ligand can trigger rapid but transient activation of NF-kB. This suggests that wild-type Notch signaling is controlled by feedback mechanisms that limit the duration of NF-kB activation. One such mechanism consistent with our data may be the degradation of active Notch receptors after activation. The diverse effects on NF-kB of overexpressed nuclear forms of Notch receptors 25, 43 may represent an aberrant consequence of physiologic binding between Notch and NF-kB or a distinct, nuclear stage of Notch signaling.
Our data indicate Notch-1 induces PPARg expression in KC, similar to its effect in 3T3-L1 preadipocytes. 12 PPARg plays a pivotal role in orchestrating KC differentiation through its interaction with the RXR retinoid receptors. 35 ± 38 In addition, PPARg has been reported to inhibit NF-kB activity. 45 Our data indicates that one mechanism by which PPARg inhibits NF-kB activity involves physical association between the p65 subunit of NF-kB and PPARg. This may be responsible for transient nature of the NF-kB activation in response to H-JAG-1 peptide treatment. Taken together, our observations suggest a hypothesis in KCs involving cross-talk between Notch, NF-kB, and PPARg signaling. Rapid activation of NF-kB by Notch ligands would result in a simultaneous transactivation of NF-kB target genes and, through the`conventional' pathway, CBF-1 target genes. PPARg would then be upregulated by NF-kB and in turn quench NF-kB activity by forming a complex with it, thus closing a negative feedback loop. Whether a similar negative feedback exists for CBF-1 effects it is still unclear.
In conclusion, we demonstrated that activation of Notch signaling by soluble ligands in high calcium is sufficient to trigger terminal differentiation and cornification of human KCs, with rapid activation of IKKa and NF-kB as well as induction of PPARg. These molecules known to play crucial roles in KC differentiation, are triggered by soluble Notch ligands through a novel signaling mechanism. Relative roles of this pathway and subsequent Notch mediated regulation in KC differentiation deserve further investigation, as does possible cooperation amongst different Notch receptors in coordinating epidermal development. Our findings have potential clinical implications in that soluble Notch ligands may be used therapeutically to correct disorders of epidermal differentiation such as those occurring in psoriasis, 57 and/or to generate well-differentiated artificial skin surfaces to be used in both in vitro as well as in vivo settings.
Material and Methods
Clinical tissue samples
Three mm punch biopsies of normal human adult skin were obtained (n=5) after informed consent and approval of the Institutional Review Board. Portions of skin biopsies were fixed in formalin and paraffin embedded, or were cryopreserved by mounting on gum tragacanth and snap-frozen in liquid nitrogen-chilled isopentane, and stored at 7808C.
Cell culture and treatments
KC cultures were initiated from discarded neonatal foreskins, in which epidermis was separated from dermis using dispase as previously described. 42 KCs were induced to proliferate using a low calcium (0.07 mM), serum-free medium (KGM, Clonetics Corp., San Diego, CA, USA). KCs were grown in 10 cm plastic Petri dishes (Corning, New York), in a humidified incubator at 378C with 5% CO 2 and passaged at 60 ± 70% confluency, KCs were also grown in 8-well Lab Tek Chambers as previously described. 42 KCs were used between 2 and 4 passages. In some experiments, KCs were pre-treated with KGM containing an elevated calcium ion concentration (i.e. 2 mM) for 24 h prior to addition of JAG-1 peptide, or other stimuli as indicated. To perform protein analysis on KCs from different layers of the skin, thin keratome samples (1 mm thick) of normal human skin were treated with trypsin (0.05%, 1 h at 378C) and the single cell suspension was transferred to a discontinuous Percoll gradient as previously described. 58 Briefly, six fractions were collected representing KCs with a specific buoyant density and maturational state. By cytological examination, each fraction contains a distinct layer of KCs with the small, highest-density basal layer KCs in the first fraction and the most superficial layer with highly differentiated, lowest-density squames in the last fraction.
Jagged-related peptides and Notch inhibitor
Several different peptides were synthesized and utilized in these studies. A synthetic peptide (designated JAG-1) with Notch agonist activity in vitro corresponding to Jagged-1 residues 188 ± 204 (CDDYYYGFGCNKFCRPR) is part of the DSL region, and highly conserved between human Jagged-1 and Jagged-2. 10,39 Other peptides included a scrambled control peptide without agonist activity designated SC-JAG (RCGPDCFDNYGRYKYCF), and a second peptide with agonist activity designated R-JAG (CDDYYYGFGCNK-FGRPRDD) derived from same regions of Jagged-1, but with specific amino acid changes. These peptides were designed based on the assumption that all Cys residues in mature Jagged-1 DSL are involved in disulfide bonds and on structure predictions for that region of Jagged-1. All peptides were purchased from GeneMed Synthesis, San Francisco, CA, USA, and their activities confirmed using identical sequences provided by Peptide Technologies Inc. (Gaithersburg, MD, USA). Peptide stock solutions (10 mM) were prepared in sterile distilled water, aliquoted and snap-frozen. Appropriate volumes of stock solution were dissolved in medium immediately before use. Thawed peptide aliquots were not reused. A specific Notch inhibitor was produced as a soluble Notch decoy protein (designated rh11-12) consisting of EGF repeats 11 and 12 of human Notch 1 with a 6-histidine tag at the N-terminus expressed in E.coli using pLD101, 59 and purified as previously described. 60 Purified rh11-12 was stored in sterile PBS at 7808C and diluted in medium before use.
Retroviral vectors and transduction of normal KCs
Dominant negative IkBa cDNA (IkBaDN) was kindly provided by Dr. Tom Ellis (Loyola University Medical Center) and subcloned into BamHI and NotI of LZRS and MGF-based retroviral expression vector as previously described. 42 LZRS vector containing enhanced green fluorescent protein was kindly provided by Dr. Paul A Khavari (Stanford University School of Medicine, Stanford CA, USA). PhoenixAmpho retroviral packaging cells were obtained from American Type Culture Collection (Manassas, VA, USA) with permission from Dr. Gary P Nolan (Stanford University Medical Center, Stanford, CA, USA). Packaging cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies, Inc., Grand Island, NY, USA), and transfected with LZRS-IkBaDN vector by using CaC1 2 and 26 Hanks Balanced Salt Solution. After overnight incubation, cells were fed with fresh medium and incubated at 328C for 24 ± 48 h. The supernatants were collected for cell infection. Normal KCs were seeded into 6-well plates and infected with 300 ml of viral supernatant in presence of 4 mg/ ml hexadimethrine bromide (Polybrene; Sigma H-9268) for 1 h at 328C, then supernatant was removed and replaced with fresh medium, incubated at 378C in 5% CO 2 overnight.
NF-kB luciferase assay
To perform luciferase-based NF-kB reporter assays, normal KCs were seeded in 6-well plates as previously described. 42 At approximately 50 ± 60% confluence, cells were co-transfected with 0.8 mg of pNF-kB-LUC vector (CLONTECH Laboratories, Palo Alto, CA, USA) containing a firefly luciferase gene with k enhancer and 0.2 mg of PRL-TK plasmid DNA which contains Renilla Luciferase gene to normalize transfection efficiency. The same amount of control vector in which k enhancer was removed from pNF-kB-LUC was also used to co-transfect cells.
DNA was transfected into KCs using Fu-Gene 6 Transfection Reagent (Roche Molecular Biochemicals) according to manufacturer's protocol. Thirty-six hours after transfection, cells were treated with either TNF-a (10 3 U/ml; R&D Systems, Minn, MN, USA) or indicated peptides. Preparation of cell lysate and luciferase activity measurements were made with Dual Luciferase TM Reporter Assay System (Promega, Madison WI, USA) according to manufacturer's instructions. Samples were placed in a TD-20/20 luminometer (CLONTECH Laboratories) for detection of chemiluminescence intensity.
Antibodies
Anti-Notch 1, 2, 3, 4 receptor antibodies; Notch 1 (SC-6014), Notch 2 (SC-5545), Notch 3 (SC-7424), Notch 4 (SC-8644) abs and antiJagged-1 (SC-6011) ab, and anti-p50 (SC-7178) anti-p65 (SC-109), and anti IkBa (SC-371) and anti-PPARg (SC-7273) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Antiloricrin and anti-involucrin abs were obtained from (BabCO); Richmond, CA, USA). Anti-keratin 1 ab was purchased from Upstate Biotechnologies Inc (Lake Placid, NY, USA).
IKKa immunocomplex kinase assay
For immunoprecipitation 2 mg of anti-IKKa ab was added to whole cell lysate for 2 h on ice. 30 ml of protein A-G Sepharose beads were added and incubated at 408C for 90 min. Beads were washed three times in wash buffer, and were boiled with 26 SDS sample buffer. Kinase activity was determined as previously described using GSTIkBa as substrate. 30 Electromobility shift assay (EMSA) EMSA were performed as described previously. 42 Five mg of nuclear proteins were incubated on ice with 1 mg of poly (dI-dC) (Amersham Pharmacia Biotech) in a buffer containing 10 mM HEPES, 60 mM KCl, 1 mM dithiothreitol, 1 mM EDTA, and 4% Ficoll for 10 min.
32 P-labeled double strand NF-kB binding oligonucleotide (105 c.p.m.) was added to reaction mix for an additional 20 min on ice. NF-kB oligonucleotide had the following sequence: 5'-AGTTGAGGGGACTTTCCCAGGC-3 '. For experiments involving supershift analysis, 2 ± 4 mg of polyclonal antibodies against different subunits of NF-kB (Santa Cruz Biotech) were incubated with nuclear proteins for 30 min on ice prior to addition of 32 P-labeled NF-kB probe. All reaction mixtures were resolved on 4% polyacrylamide gels.
Western blot analysis
Whole cell lysates, or nuclear and cytoplasmic extracts, were prepared to detect different proteins as previously described. 61 Briefly, KCs were washed with ice-cold phosphate buffered saline (PBS), harvested by scraping monolayers into 1 ml PBS, and pelleted in a microcentrifuge tube. The cell pellet was suspended in 400 ml of buffer A (10 mM HEPES, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethlysulfonyl fluoride, and 5 mg/ml leupeptin). After 20 min incubation on ice, 25 ml of 10% Nonidet P-40 was added and samples were centrifuged briefly. Supernatants represented cytoplasmic extracts. Nuclear pellets were resuspended in 60 ± 80 ml of buffer C (20 mM HEPES, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 5 mg/ml leupeptin) and incubated at 48C with shaking for 15 min. Nuclear debris was removed by centrifugation at 48C.
For whole cell lysates, cells were washed with cold PBS and incubated in CHAPS buffer on ice for 15 min. After centrifugation at 48C, supernatants were saved as whole cell lysates. Protein concentrations were determined using Bio-Rad protein assay reagent. Thirty mg of protein were loaded onto 8 ± 12.5% SDS-polyacrylamide gels, transferred to Immobilon-P (polyvinylidene difluoride) membrane and blocked in 5% powdered milk in TBST (50 mM Tris, pH 7.5, 150 mM NaCl, 0.01% Tween 20). The membrane was incubated with primary antibody overnight at 48C in 2.5% powdered milk in TBST and washed extensively with TBST; incubated with 1 : 1500 anti-rabbit or mouse-HRP (Amersham Pharmacia Biotech). Proteins were visualized with ECL detection kit (Amersham Pharmacia Biotech). Equivalent loading of proteins in each well was confirmed by Ponceau staining.
For immunoprecipitation/Western blot analysis, protein lysates were first immunoprecipitated using an anti-p65 ab, and Western blotting was subsequently performed using an anti-PPARg ab, or vice versa, as previously described. 62 
Living epidermal equivalent (EE) systems
Reconstituted epidermis, known as EEs were purchased from MatTek Corp., Ashland, MA. EEs consist of several layers of relatively undifferentiated KCs submerged in standard medium (DMEM plus EGF, insulin, hydrocortisone-free) as previously described. 40 In this system, exposure of EEs to an air/liquid interface is a potent stimulus for differentiation with creation of a stratum corneum comparable to normal human skin in vivo.
40,41
Histological analysis and immunohistochemistry
Portions of EEs were fixed in 10% neutral buffered formalin, embedded in paraffin and routinely stained with 1% hematoxylin and eosin. For immunohistochemical analysis, some sections underwent antigen retrieval using a standard microwave procedure (to detect Notch 1, 3, 4, Jagged-1, while other staining (to detect loricrin) did not require such retrieval. When using Lab Tek cultures, slides were rinsed in PBS and fixed with ice-chilled acetone for 10 mins prior to addition of primary abs. In all cases, a highly sensitive avidin biotin peroxidase procedure (Vectastain Kit, Vector Labs, Burlingame, CA, USA) was used with a positive red reaction product obtained using 3-amino-4-ethylcarbazole as chromogen. 61 
